Objective: In type 1 diabetes, cardiovascular autonomic neuropathy (CAN) is associated with cardiovascular risk factors related to insulin resistance, which in turn are associated with low-grade systemic inflammation. Reduced heart rate variability (HRV) is considered one of the first indicators of CAN. Since the autonomic nervous system interacts with systemic inflammation, we evaluated CAN to study its possible association with low-grade systemic inflammation. Design: Cross-sectional study of a group of 120 subjects diagnosed with type 1 diabetes mellitus 14 years before. Methods: Information recorded: 1) clinical characteristics: sex, age, body mass index, waist-to-hip ratio (WHR), blood pressure (BP), smoking, alcohol intake, insulin dose, HbA1c, and lipid profile; 2) plasma levels of soluble fractions of tumour necrosis factor a receptors 1 and 2, IL-6, and C-reactive protein; 3) insulin resistance by estimation of the glucose disposal rate (eGDR); and 4) tests for CAN: HRV in response to deep breathing (E/I ratio), HRV in response to the Valsalva maneuver, and changes in systolic BP responding to standing. Results: A significant negative correlation was found between E/I ratio and plasma concentrations of IL-6 (rZK0.244, PZ0.032), which remained significant after adjusting for potential confounding factors (age, sex, HbA1c, WHR, diastolic BP, triglycerides, HDL-cholesterol, retinopathy, nephropathy, peripheral neuropathy, insulin dose, and smoking; rZK0.231, PZ0.039). No other significant associations were found between inflammation-related proteins, tests for CAN, and eGDR. Conclusions: These findings suggest a link between low-grade inflammation and early alterations of CAN in type 1 diabetes and may be of importance in the pathogenesis of CAN and/or its clinical implications.
Introduction
In subjects with diabetes mellitus, damage to both parasympathetic and sympathetic fibers innervating the cardiovascular system produces the cardiovascular autonomic neuropathy (CAN). CAN clearly entails an increase in mortality and an acceleration of other microvascular complications (1) . In CAN, the disruption of the parasympathetic nervous system is usually detected earlier than that of the sympathetic nervous system, and reduced heart rate variability (HRV) is noticed as its first indicator (1) . To assess CAN, the combination of the following three tests, with wellestablished reproducibility, reliability, and normal values, were proposed in 1992 (2), subsequently supported (3), and then used in the Diabetes Control and Complications Trial (4): 1) HRV in response to deep breathing, 2) HRV in response to the Valsalva maneuver, and 3) systolic blood pressure (sBP) responding to standing. The first test is mainly considered to reflect parasympathetic activity, the second is influenced by both parasympathetic and sympathetic activity, and the third is used to assess sympathetic activity (1) .
In type 1 diabetes, CAN is associated with some cardiovascular risk factors included in the metabolic syndrome such as higher BP or fasting triglycerides or lower HDL-cholesterol (5, 6) , supporting a role of nerve ischemia in its pathogenesis. This association is not surprising, since these cardiovascular risk factors are associated with insulin resistance and, furthermore, insulin resistance in type 1 diabetes has also been related to the presence of other microvascular complications (7) (8) (9) and coronary heart disease (8, 10) . In addition, in type 1 diabetes, these cardiovascular risk factors have recently been associated with a low-grade systemic inflammation response (11) . This finding is in accordance with accumulated evidence suggesting that insulin resistance is associated with an increase in the plasma concentrations of several proteins, such as tumor necrosis factor (TNF)-a (or the soluble fractions of its receptors type 1 and 2, sTNFR1 and sTNFR2 respectively), IL-6, and C-reactive protein (CRP; (12) ). Whether this low-grade systemic inflammation leads to insulin resistance or whether insulin resistance brings about a condition of low-grade systemic inflammation is still unclear. However, it has been speculated that this low-grade systemic inflammation could be implicated not only in the pathogenesis of insulin resistance and the metabolic syndrome (12) , but also in the pathogenesis of diabetic microvascular complications (8, 13) and cardiovascular disease (8, 10) in type 1 diabetes.
Several studies have shown that a sympathovagal imbalance (manifested by depression of the parasympathetic nervous activity) associates with insulin resistance (14, 15) , some cardiovascular risk factors included in the metabolic syndrome (5, 16, 17) , and the low-grade systemic inflammation accompanying insulin resistance (18, 19) . Although CAN is a well-known complication in type 1 diabetes, to the best of our knowledge, no previous study has addressed whether indexes of CAN are associated with low-grade systemic inflammation, taking into account that insulin resistance may also be present in type 1 diabetes (20) . Our main hypothesis was that in type 1 diabetes, early signs of CAN, usually detected as a parasympathetic dysfunction (i.e. a reduced HRV), would be associated with insulin resistance and the abovementioned inflammation-related plasma proteins. For testing this hypothesis, we carried out a cross-sectional study in a group of subjects with type 1 diabetes after 14 years of evolution of their disease.
Subjects and methods
A group of subjects with type 1 diabetes, all having been diagnosed 14 years before following a previous protocol (21) , were consecutively recruited in 15 hospital centers in Catalonia, northeastern Spain. They were previously studied with respect to the likely role of inflammation on diabetic neuropathy (9) . None of them had any conditions that increased inflammation-related plasma proteins (e.g., acute or chronic inflammatory or infectious diseases) or had received anti-platelet, antiinflammatory, or lipid-lowering treatment. None of them had any clinically proven cardiovascular diseases, cardiac arrhythmia, or were on drugs affecting the autonomic nervous system.
The study protocol was approved by the local ethics committee in each hospital and was conducted according to the principles of the Declaration of Helsinki. All subjects gave their informed consent before participating in the study. After an overnight fast, venous blood samples were taken and aliquots of plasma and serum were stored at K70 8C until processing. The following information was recorded using a predefined standardized form: sex, age, diabetes duration after puberty, body mass index (BMI), waist-to-hip ratio (WHR), BP, cigarette smoking, alcohol intake, insulin dose, use of any other medical treatment, HbA1c, lipid profile, plasma concentrations of sTNFR1, sTNFR2, IL-6, high-sensitivity CRP, and microvascular complications. To estimate insulin resistance, we used the formula proposed by Williams et al. (20) validated in subjects with type 1 diabetes. This formula yielded an estimation of the glucose disposal rate (eGDR), taking into account glycemic control, WHR, and BP.
All laboratory determinations were performed at a central facility. HbA1c was determined in capillary blood by immunoassay (DCA 2000, Bayer AG). Total serum cholesterol, triglycerides, and HDL-cholesterol were measured using standard enzymatic methods. LDLcholesterol was calculated using the Friedewald formula. Plasma sTNFR1 and sTNFR2 were determined by a solidphase enzyme-amplified sensitivity immunoassay (Medgenix sTNFR1-EASIA, sTNFR2-EASIA, BioSource Europe, Fleurus, Belgium). The lower limit of detection was 50 pg/ml for sTNFR1 and 0.1 ng/ml for sTNFR2, and the intra-and interassay coefficients of variation were !7 and !9% respectively. TNF-a does not interfere with these assays and sTNFR1 assay does not cross-react with sTNFR2. IL -6 was determined by an ultrasensitive solidphase enzyme immunoassay (Biosource Europe, Nivelles, Belgium). The lower limit of the detection for IL -6 was 0.104 pg/ml and the intra-and interassay coefficients of variation were 4.71 and 6.70 respectively. This kit has no cross-reactivity with IL-2, IL-4, IL-10, IL-2R, or TNF-a. Plasma high-sensitive CRP was determined by a highly sensitive immunonephelometry kit (Dade Behring, Marburg, Germany). In this case, both the intra-and the interassay coefficients of variation were !5%.
All microvascular complications were assessed by the same investigator, blinded to the clinical characteristics of the subjects. To evaluate CAN, the following three tests were carried out at 0800 h, before insulin administration and after a rest period of at least 5 min (1, 2): 1) HRV in response to deep breathing (E/I ratio): Six maximal expirations and inspirations were performed for 1 min, with the subjects in the supine position and during the recording of a continuous electrocardiogram. The R-R intervals were registered, and the E/I ratio (as a test of parasympathetic function) was calculated as the mean of the longest R-R interval during expiration divided by the mean of the shortest R-R interval during inspiration. 2) HRV in response to the Valsalva maneuver (Valsalva ratio): The Valsalva maneuver was carried out with the subjects in a sitting position. The subject blew into a mouthpiece and was instructed to hold a pressure of 40 mmHg for 15 s. During this period, the shortest R-R interval was registered, and 30 s later, the longest R-R interval was recorded. The Valsalva ratio was calculated as the longest R-R interval, divided by the shortest one during and shortly after the Valsalva maneuver.
3) Systolic blood pressure (sBP) responding to standing: After a supine rest for at least 5 min, changes in sBP were recorded.
Each test was performed three times in each subject and the average of the three results for each test was used for data analysis. The response to each of these tests was evaluated using a portable computerized system (Cardionomic, Medimatica, Martinsicuro, Italy; (22)). Since indicated by the manufacturer, this system was able to make calculations controlling for ectopic beats. Retinopathy, nephropathy, and peripheral neuropathy were evaluated as previously described (9) .
Data are presented as percentages, meansGS.D. for variables normally distributed or medians (interquartile range) for variables not normally distributed. To improve skewness and kurtosis, variables not normally distributed were log-transformed when possible and then back-transformed to their natural units for presentation in the Tables and Fig. 2 . When log transformation was not possible, appropriate nonparametric tests were used for the analyses. The potential relationships between the indexes of CAN, components of the metabolic syndrome, eGDR, and inflammation-related plasma proteins were explored using correlation tests (Pearson or Spearman's tests where appropriate). When a significant crude correlation was found, multiple linear regression models were used to adjust for potential confounding factors. To further explore such relationships, when any significant association was found between an inflammation-related plasma protein and an index of CAN, subjects were categorized into tertiles of the corresponding index of CAN (stratifying for the presence of other microvascular complications) and were compared using a one-way ANOVA and Tukey's multiple comparison post hoc test. The SPSS/PCC statistical program (v.11.5 for Windows; Chicago, IL, USA) was used for all calculations. All P values were two-sided and a P value !0.05 was considered statistically significant.
Results
One hundred and twenty subjects with type 1 diabetes were evaluated. Their clinical characteristics are shown in Table 1 . Five were on treatment with low doses of converting enzyme inhibitors (enalapril or quinapril 5 mg/day or captopril 25 mg/day). A further five subjects were on treatment with thyroxine (T 4 ; dose range 50-100 mg/day) and all of them had normal serum values of T 4 and thyrotropin. Peripheral diabetic neuropathy was the more diagnosed microvascular complication (Table 1) . No subject revealed abnormal tests for CAN although eight of them showed borderline results in at least one of these tests (Table 1) , according to previous well-established cut-off points of CAN diagnosis (23, 24) . Table 2 shows the crude correlation coefficients between the three indexes of CAN and all the other variables, categorical or continuous, which were analyzed. Women had a higher Valsalva ratio than men. In addition, a negative correlation was found between E/I ratio and age, BMI, and diastolic BP (dBP). Valsalva ratio also correlated negatively with dBP and HbA1c levels, and a negative correlation was found between the sBP response to standing and sBP. The only significant association between an index of CAN and a plasma inflammation-related protein was found between E/I ratio and IL-6, such being a negative correlation ( Table 2 , Fig. 1 ). Since both smoking and alcohol intake can modify measures of CAN (like E/I ratio, Valsalva ratio, and sBP responding to standing) and the evaluated inflammation-related plasma proteins (sTNFR1, sTNFR2, IL-6, and CRP), we also explored whether smoking or alcohol intake correlated with any of these measurements. In this evaluation, only a significant positive correlation between smoking and IL-6 plasma concentrations (rZ0.257, PZ0.011) was found. We included insulin doses in the analyses, because insulin can influence both the function of the autonomic nervous system (25) and some inflammation-related proteins (26) , and because subjects with type 1 diabetes usually show high plasma concentrations of insulin due to their insulin treatment. In fact, a significant relationship was found between the insulin dose and the IL-6 plasma concentrations that persisted after adjusting for age, sex, and HbA1c values (rZ0.216; PZ0.014). Of note, we also found a significant positive correlation between peripheral neuropathy and the presence of at least one borderline result for the tests of CAN (rZ0.193; PZ0.043). Finally, the presence of peripheral neuropathy correlated positively with the plasma concentrations of sTNFR1 (rZ0.241; PZ0.011) but not with any other of the evaluated inflammation-related plasma proteins. The significant crude negative correlation between plasma concentrations of IL-6 and E/I ratio persisted after adjusting for age, sex, HbA1c, components of the metabolic syndrome (BMI, dBP, triglycerides, and HDLcholesterol), microvascular complications (retinopathy, nephropathy, and peripheral neuropathy), and insulin dose (rZK0.234; PZ0.032). A further additional adjustment for smoking did not significantly modify this relationship (rZK0.231; PZ0.039). The exclusion of data from the few subjects taking drugs affecting BP or T 4 did not change these results. Finally, when subjects were stratified according to tertiles of E/I ratio, Table 2 Crude correlation coefficients between indexes of cardiovascular autonomic neuropathy (E/I ratio, Valsalva ratio, and systolic blood pressure (sBP) response to standing) and the other characteristics of the subjects (including components of the metabolic syndrome, estimation of the glucose disposal rate (eGDR), insulin dose, inflammation-related plasma proteinssoluble tumour necrosis factor receptor 1 (sTNFR1) and 2 (sTNFR2), IL-6, and CRP). significant differences were found between those in the first tertile and those in the second and third tertiles (P value for ANOVAZ0.031; Tukey's post hoc tests: first versus second tertile, PZ0.042; first versus third tertile, PZ0.047; Fig. 2 ). No significant difference was found between subjects in the second and third tertiles (Tukey's post hoc test: PZ0.242; Fig. 2 ). This analysis was also performed stratifying subjects into two groups, with or without other microvascular complications. Analysis in subjects with microvascular complications did not find differences between the three tertiles (P value for ANOVAZ0.179). Analysis in subjects without other microvascular complications resembled those in the whole group (P value for ANOVAZ0.026; Tukey's post hoc tests: first versus second tertile, PZ0.041; first versus third tertile, PZ0.046; second versus third tertile, PZ0.185).
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Discussion
This is the first study linking low-grade systemic inflammation and indexes of CAN in type 1 diabetes. Its main finding is that after 14 years of evolution of type 1 diabetes, plasma concentrations of IL-6 increase as E/I ratio decreases. This relationship is moderate but persists even after adjusting for potential confounding factors such as age, sex, and glycemic control. Further adjustments for components of the metabolic syndrome, other microvascular complications, insulin doses, or smoking do not substantially change this relationship. Since a decrease in E/I ratio is considered as an early sign of CAN, this finding suggests that subjects with early signs of CAN have an increase in plasma concentrations of IL-6. This finding might be of importance regarding the pathogenesis of CAN and/or in its clinical consequences. The negative correlation between E/I ratio and plasma concentrations of IL-6 is supported by previous cross-sectional studies which evaluated the relationship between HRV and low-grade systemic inflammation. These studies have been carried out in healthy subjects (18, 19) and in patients with the metabolic syndrome (27) , coronary heart disease (28), and heart failure (29) . In these studies, blood leucocyte counts, IL-6, CRP, and TNF-a have been used as markers of low-grade systemic inflammation. Although none of them have simultaneously evaluated IL-6, CRP, and the TNF-a system, IL-6 was the inflammation-related protein more consistently correlated with lower HRV (27) (28) (29) . In addition, the level of negative correlation between IL-6 and HRV found in these studies was of similar magnitude to the one in the current study (27, 28) . To our knowledge, only one previous study has tested our hypothesis in subjects with diabetes mellitus. This study was carried out in a small group of 17 subjects with type 2 diabetes and 18 controls, and found that a depression in reflex vagal function was associated with an increase in plasma concentrations of CRP (30) . However, this relationship disappeared in the multivariate analyses and a sizeable proportion of the subjects were on pharmacological treatment for hypertension and dyslipemia.
The negative correlation between E/I ratio and IL-6 may be explained in several ways. First, CAN has been associated with several cardiovascular risk factors included in the metabolic syndrome, both in population-based studies (31) and in type 1 diabetes (5, 17) . Since insulin resistance correlates with both these cardiovascular risk factors and IL-6 (12), it could be debated that the negative correlation between E/I ratio and plasma concentrations of IL-6 could be explained by an increase in insulin resistance in subjects with a lower E/I ratio. However, the analyses of our data dispute this possibility as the only mechanism linking E/I ratio and IL-6, because this relationship remained substantially unchanged even after adjusting for factors determining insulin resistance in type 1 diabetes. An alternative explanation for the negative correlation between E/I ratio and IL-6 comes from the interactions between the autonomic and the immune systems. This interaction is biologically plausible, since the autonomic nervous system can control the release of IL-6 (32) and, in turn, IL-6 can influence the autonomic nervous system. A decrease in E/I ratio is considered to be a sign of parasympathetic dysfunction (1) and it is known that acetylcholine, the main parasympathetic neurotransmitter, acting on specific receptors on macrophages Error bars above and below the box include the 10th and 90th percentiles respectively. Subjects in the first tertile of E/I ratio had higher concentrations of IL-6 than subjects in the second and third tertiles (P value for ANOVAZ0.031; Tukey's post hoc tests: PZ 0.042 and PZ0.047 respectively). No differences were found between subjects in the second and third tertiles (Tukey's post hoc test: PZ0.242).
significantly diminishes the release of pro-inflammatory cytokines, such as TNF-a or IL-6 (33) . In addition, the sympathetic nervous system acting through the b-adrenergic receptor increases IL-6 production (34). So, it is tempting to speculate that the increase in IL-6 as E/I ratio decreases in the current study could be a reflection of the imbalance between parasympathetic and sympathetic function. However, the opposite may also be true: IL-6 can influence the autonomic nervous system. In this regard, it has been demonstrated that IL-6 may stimulate the sympathetic nervous system (35) . In addition, some evidence suggests that IL-6 may play a pathogenic role in diabetic neuropathy. Although there are no data available on autonomic nerves, in sural nerve biopsies in subjects with diabetic neuropathy it has been shown that IL-6 co-localizes in the microvasculature with advanced glycation end products, the receptor of these products, and the activation of the NFkB pathway (36) . Other studies suggested that IL-6 may play a major role in the process of nerve regeneration (37, 38) or, conversely, that IL-6 can promote nerve degeneration (39) .
Regardless of the mechanisms implicated in the increase of IL-6 in subjects with lower E/I ratio, these mechanisms would even operate with slight disturbances in the autonomic nervous system function, because most of the subjects in our study had normal tests for CAN. In addition, this increase in IL-6 may be of importance regarding the clinical consequences of CAN. Mortality is higher in subjects with CAN due to myocardial ischemia, among other conditions (1, 40) . Consistent with this notion, IL-6 is involved in the atherosclerotic process (41) , and is a predictor of cardiovascular events (42) . In addition, subjects with CAN also seem to have an increased risk of heart failure (1). Accordingly, IL-6 may induce contractile myocardial dysfunction (43) and may be implicated in the pathogenesis of heart failure (44) .
Plasma concentrations of IL-6 can be decreased through lifestyle interventions (45, 46) or using pharmacological agents (47) . So, one additional potential interest of our study is that these therapeutic strategies could be used either to prevent CAN or the consequences of an increase in IL-6 associated with the development of CAN.
Another interesting point raised in the present study is that we found an inverse relationship between E/I ratio and IL-6, but not between E/I ratio and sTNFR1, sTNFR2, or CRP. As stated above, IL-6 has been the inflammation-related protein most consistently associated with lower HRV, and these differences may reflect real pathophysiological differences in how these proteins relate to the activity of the autonomic nervous system. Alternatively, if we assume that this relationship is explained by the interactions between the autonomic and the immune systems, it should be noted that, for example, there is some evidence that the autonomic nervous system could modulate IL-6 and TNF-a differently (48) . Clearly, further studies are needed to address this issue.
The present study has certain limitations. First, two matters of concern are the selection bias and sample size. It could be debated that the frequency of CAN (and that of the other microvascular complications) in the subjects of the current study was lower than expected, indicating some degree of selection bias. In addition, the sample size of the present study was relatively small. However, under these circumstances, any possible relationship between indexes of CAN, insulin resistance, and inflammation-related proteins would have been underestimated. These circumstances could justify the moderate relationship found between IL-6 and E/I ratio, although, as stated before, this correlation was in the same range as in previous studies in other populations (27, 28) . In addition, they could also help to explain why we did not find any significant relationship between HRV and HbA1c levels, a finding reported in other studies (6, 49, 50) or between HRV and insulin resistance, a finding reported in other populations, but not previously assessed in subjects with type 1 diabetes (31) . In this regard, we also acknowledge the limitations of the formula of Williams et al. (20) to evaluate the insulin resistance in subjects with type 1 diabetes. This formula has been used in this context in other previously published studies, but it should be borne in mind that it is based exclusively on clinical factors. Another limitation of the current study has to do with its cross-sectional design. Because of this, it was not possible to determine whether reduced E/I ratio precedes elevated IL-6 levels or is a consequence of it. In addition, we cannot exclude that this relationship could be explained by the existence of one or more unmeasured factors associated with both the decrease of E/I ratio and the increase in IL-6. In spite of all these limitations, our study provides a novel view on how the autonomous nervous system and low-grade systemic inflammation could relate to each other in type 1 diabetes.
In conclusion, the present results suggest a link between IL-6 and early alterations of CAN in type 1 diabetes, regardless of insulin resistance or other known confounding factors. At present, it is not clear which mechanisms can explain this association, but IL-6 might represent a new mechanism involved in the pathogenesis of CAN and/or in its clinical consequences.
